Purpose: To evaluate microleakage in roots restored with fiber posts cemented using three different luting cements, to measure the volume of voids/gaps within the obturated/postcemented root canals, and to examine whether microleakage and the volume of voids/gaps were correlated. Materials and Methods: Thirty-six extracted human mandibular incisors were decoronated, and the root canals were obturated using gutta-percha and sealer in the experimental groups (n = 30). Six roots were used as controls. A standard post space was prepared, and an identically sized fiber post was cemented in each experimental specimen using one of three luting cements (Panavia F2.0, Bifix SE, GC FujiCEM; n = 10 each). The specimens were scanned using micro-computed tomography, and the volume of voids/gaps was determined. The specimens were then subjected to a fluid filtration assay to evaluate microleakage. Results: The volume of voids/gaps was significantly lower in the GC FujiCEM group, and significantly less microleakage occurred in the Bifix SE group compared with other groups (both p < 0.001). A significant correlation between the volume of voids/gaps and leakage was found only in the Panavia F2.0 group (p = 0.003; r = 0.830). No such correlation was found in the analysis of all groups combined. Conclusions: The group with the greatest volume of voids/gaps (Bifix SE) showed the least microleakage, and the group with the smallest volume of voids/gaps (GC FujiCEM) showed the most microleakage. Panavia F2.0 ranked between and exhibited significant correlation.
The restoration of endodontically treated teeth becomes complex when caries, a previous restoration, fracture, or endodontic access preparation has resulted in substantial loss of the coronal tooth structure. 1 In such cases, the use of intraradicular posts is recommended to improve retention of the definitive restoration and to reinforce the tooth. 2 Fiber posts have become popular because of their high flexural strength and elastic modulus, which is similar to that of dentin; these properties minimize the transmission of stresses to root canal walls, thereby reducing the possibility of fracture. 3 Post cementation in the root canal space is an important step during restoration. The ideal luting cement should adhere to the post and the root canal dentin, hermetically seal the root canal space, and exhibit no void after setting. Materials currently used for post cementation can be distinguished by their chemical composition (e.g., resin, glass ionomer), curing type (dual-cure, autocure), and application procedure (self-adhesive, one-step, multistep). Multistep resin cements (e.g., Panavia F2.0; Kuraray Co. Ltd., Osaka, Japan) have traditionally been used for post cementation; however, their clinical application may be difficult because of the number of steps involved. Self-adhesive resin cements (e.g., Bifix SE; Voco GmbH, Cuxhaven, Germany) do not require etching or dentin pretreatment, and are popular because they allow clinicians to lute fiber posts using a simple approach that reduces technique sensitivity. 4 Cements containing glass ionomer (e.g., GC FujiCEM Automix; GC Corporation, Tokyo, Japan) adhere to dentin through micromechanical and chemical bonding mechanisms, and can also be used to lute fiber posts. Although glass ionomer-based cements shrink during setting, their viscoelastic properties render them more favorable for the preservation of bond integrity in comparison with stiffer, resin-based cements. 5 Microleakage is defined as the passage of bacteria, fluids, molecules, or ions between a cavity wall and the restorative e222 material applied to it; these elements may progress through the dentin into pulp or periradicular tissue, ultimately resulting in the failure of the restoration and loss of the tooth. 6 Among a variety of methods used to examine microleakage, the fluid filtration test is an objective and nondestructive method that quantifies sealing capacity via the observation of air bubble movement inside a capillary tube connected to an air pressure source and the tooth. 7 The fluid filtration method enables direct, unbiased comparison of test materials. Although it has a low degree of clinical reliability, this method has produced results similar to those obtained with other leakage evaluation methods in recent studies. 8 Its use is particularly advantageous in filled root canals, as entrapped air or voids within these canals has been shown to interfere with dye penetration, producing artifacts in traditional dye leakage studies. 9 Micro-computed tomography (µCT) has gained popularity as a noninvasive tool for the study of hard tissues. In dental research, µCT has been used for the analysis of factors such as root canal morphology and filling, bone development, periimplant bone structure, enamel thickness, tooth mineral content, and marginal leakage at the restoration/tooth interface. 10, 11 This method can also be used to measure the volume of voids and gaps in a tooth with a filled root canal while preserving the integrity of the sample. Such voids and gaps may affect the amount of microleakage in the root canal. Void/gap formation and leakage have been investigated separately in obturated, restored, and post cemented root canals in previous µCT studies, [11] [12] [13] [14] [15] but the relationship between these variables has been examined in only one µCT study, which tested the performance of filling materials as intraorifice barriers. 16 To our knowledge, no study to date has investigated the relationship between void/gap formation and microleakage in rootfilled, post cemented teeth using 3D volumetric quantification technology.
The aims of this study were to evaluate microleakage of three luting cements in fiber post cemented roots by quantifying voids/gaps within the obturated/post cemented root canals, and to examine whether microleakage and the presence of voids/gaps were correlated.
Materials and methods

Tooth preparation
The Clinical Research Ethics Committee of Gazi University, Ankara, Turkey, approved this study (no. 25901600/214). Thirty-six freshly extracted caries-free human mandibular incisors were used. The teeth were evaluated by obtaining and examining mesiodistal and buccolingual radiographs, and under an operating microscope (Opmi Pico; Carl Zeiss, Weimar, Germany) at 12.5× magnification, to ensure that they had uncomplicated root canal anatomy, single straight root canals, complete root formation, and no external root resorption, crack, or fracture along the roots. The teeth were decoronated at the cementoenamel junction using a water-cooled diamond disc to obtain 12-mm-long root segments. The working length was established 0.5 mm short of the apical foramen using a visual method. 17 Each root was then instrumented using ProTaper rotary files (Dentsply Maillefer, Ballaigues, Switzerland) according to the manufacturer's recommendation. An F3 master apical file was used for all specimens. After each filing, the root canals were irrigated with 10 mL 2.5% sodium hypochlorite (NaOCl). After instrumentation, the smear layer was removed by irrigating with 10 mL 17% ethylenediaminetetraacetic acid for 5 minutes, followed by irrigation with 10 mL 2.5% NaOCl. Finally, the root canal was rinsed with 3 mL saline solution (0.9%) and dried with paper points. Six teeth were used as negative and positive controls, and were not filled. Root fillings of the remaining 30 teeth were performed using ProTaper Universal gutta-percha points (F3; Dentsply Maillefer) and AH26 sealer (Dentsply DeTrey GmbH, Konstanz, Germany). Excess gutta-percha at the canal orifice was removed using a heated plugger 1 mm apical to the orifice, and the access was sealed with a temporary restorative material (Cavit; Premier Dental Products, Rio de Janeiro, Brazil). The roots were stored at 37°C for 1 week at 100% humidity for the complete setting of the sealer.
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Fiber post placement
The temporary filling material was removed with a diamond bur. To prepare a post space, the core filling material and sealer were removed with a drill (Snowpost, Ø1.2; Kuraray Co. Ltd.) until a canal filling length of 4 mm remained in the apical region. The prepared post space was irrigated with 10 mL 2.5% NaOCl and 3 mL saline solution, and then dried with absorbent paper points. Thirty roots were divided randomly into three groups of 10 roots each. The same size fiber post (Snowpost, Ø1.2) was used in all specimens, and was luted using one of the three cements listed in Table 1 . All materials were prepared according to the manufacturers' recommendations.
Group 1
Panavia F2.0 dual-cure resin based cement was used on specimens in group 1. Equal amounts of self-etch ED Primer II liquids A and B (Kuraray Co. Ltd.) were mixed together on a mixing dish and applied to the root canal wall surface for 30 seconds using a microbrush. Excess liquid was removed with a paper point, and the primer was dried completely under gentle airflow. Equal amounts of Panavia F2.0 pastes A and B were mixed for 20 seconds and delivered into the post space using a lentulo spiral (Dentsply Maillefer). The fiber post was covered with the cement and inserted slowly into the canal by rotary motion. Excess cement was removed, and the cement was cured for 40 seconds using a halogen light-curing unit (Hilux; Benlioglu, Ankara, Turkey).
Group 2
Bifix SE dual-cure self-adhesive resin-based cement was mixed automatically in the mixing tip and delivered directly into the canal through a type 1 intraoral tip. The fiber post was covered with Bifix SE and inserted slowly into the canal by rotary motion. Excess cement was removed, and the cement was cured for 20 seconds with the same halogen light-curing unit used for group 1. 
Group 3
GC FujiCEM Automix autocure resin-modified glass ionomer cement was mixed with the system's mixing tip (Automix cartridge loaded into the Paste Pak Dispenser) and delivered into the post space using a lentulo spiral (Dentsply Maillefer). The post was inserted into the canal using a rotary motion. After initial setting, the excess cement was removed. In all groups, no coronal core material was applied to permit microleakage. All roots were stored in 0.9% saline solution for 1 week at 37°C. No artificial aging was applied.
µCT analysis A custom-designed specimen holder was made from acrylic resin, and each specimen's long axis was positioned perpendicular to the floor of the µCT specimen holder and the x-ray source. The specimens were scanned using a desktop x-ray CT scanner (model 1174; SkyScan, Kontich, Belgium; 50 kV, 800 µA) with an image pixel size of 18 µm, rotational step of 2.00°, and 4000-ms exposure time. For each specimen, 655 to 677 bitmap (bmp) images were obtained. Using the 3D Doctor image analysis program (Able Software Corporation, Lexington, MA), 3D reconstructions were created from the obtained images for specimen analysis. Sections were also viewed using Data Viewer (Kontich, Belgium) software.
For each specimen, the following parameters were measured on the 3D reconstructions and quantified in mm 3 : (A) the volume of voids and gaps inside the specimen (total void volume [TV]), defined as the sum of void and gap volumes between (i) the post and luting cement and the root canal wall, (ii) the end of the fiber post and the beginning of the gutta-percha, and iii) the gutta-percha and sealer and the root canal wall; (B) the root filling volume of the specimen (total filling volume [TF]), defined as the total volume of gutta-percha, sealer, post, and luting cement; and (C) the total root canal volume (TC), defined as the sum of TV and TF. After calculating TV, TF, and TC, the TV/TC ratio was calculated for each sample (greater values indicate larger relative void and gap volumes).
Fluid filtration test
The specimens were stored in 0.9% saline solution at 37°C until microleakage testing. Similar to a protocol described elsewhere, three unfilled teeth each were used as negative and positive controls. 18 Briefly, the roots of negative controls (including the apical foramina) were covered completely with two layers of nail polish to test the reliability of the isolation method. The roots of positive controls were also covered completely with two layers of nail polish; but the apical foramina were excluded. The external root surfaces of experimental specimens were similarly covered with two layers of nail polish (excluding the apical foramina).
Microleakage was measured using the computerized fluid filtration method described by Oruçoglu et al. 18 Throughout the experiment, all operations were controlled with PC-compatible software (Fluid Filtration 03; Konya, Turkey). A 25-µL micropipette (Microcaps; Fisher Scientific, Philadelphia, PA) was used for the test. Oxygen from a pressure tank was applied to the apical side of each sample at 120 kPa (1.2 atm). A digital airpressure regulator (DP-42 digital pressure and vacuum sensor, red LED display; Sunx Sensors, West Des Moines, IA) maintained constant pressure throughout the experiment. A 5-minute system pressurization preload was completed before readings were taken. For each specimen, the software automatically obtained measurements of fluid movement every 2 minutes over an 8-minute period. Leakage was quantified in µL/cm H 2 O/ min −1 × 10 −2 . The same operator carried out steps of the experimental procedures in this study, and all devices were calibrated before use.
Statistical analysis
Data were analyzed using SPSS software (v11.5 for Windows; SPSS Inc., Chicago, IL). The normality of distribution of continuous variables and the homogeneity of variance were determined by Shapiro-Wilk and Levene tests, respectively. Statistical differences among and between groups were detected using the Kruskal-Wallis and Conover's nonparametric multiple comparison tests. Degrees of association between continuous variables (leakage and void/gap volume) were evaluated by Spearman's rank correlation analyses. P values < 0.05 indicated statistical significance.
Results
The TV/TC data were not distributed normally, and the fluid filtration data showed no homogeneity of variance (both p < 0.05); the Kruskal-Wallis test indicated significant differences among groups (p = 0. A significant correlation between TV/TC and leakage was found only in the Panavia F2.0 group (p = 0.003, r = 0.830; Table 2 ). No significant correlation was detected in the combined analysis of all groups.
Discussion
The main finding of this study was that the least microleakage was detected in specimens prepared with the luting cement with the greatest void/gap volume (Bifix SE); conversely, the most microleakage was detected in specimens treated with the cement with the smallest void/gap volume (GC FujiCEM). A significant correlation between the void/gap volume and microleakage was found only in the Panavia F2.0 group. No such correlation was detected in the combined analysis of all groups.
The strength of this study lies in the quantification methods employed, which enabled the nondestructive assessment of void/gap volume and microleakage. Moreover, the use of 3D volumetric evaluation to consider these two parameters together, as in this study, is rare. 15 µCT is a new technology that uses x-rays to obtain cross sections of an object, with pixel sizes in the micrometer range. These cross sections can be used further to create a 3D model of the object. Computerized fluid filtration testing with a diode laser detector permits the objective quantification of microleakage. The high air pressure applied to the specimen certainly does not reflect oral conditions; however, this method allows direct comparison of tested materials. As pointed out by De-Deus, 19 the fluid filtration model represents a reliable method to study sealability in endodontics; however, the clinical significance of the results of fluid filtration studies are unknown. This is a limitation of the current study. The methodology used in this study to measure void/gap volume with 3D reconstructions is similar to those described in previous studies. [10] [11] [12] [13] [14] Although the root canals were instrumented to a standard size in all groups, variation in root canal volume was possible. This possibility was adjusted for by calculating a TV/TC value for each specimen. By including the gutta-percha and sealer in the measurements, each root canalfilled and post cemented tooth was evaluated as a whole. As the same gutta-percha, sealer, and post were used in all specimens, their effects were considered similar in all groups. Thus, any difference detected could be attributed to the luting cement.
Current knowledge of the relationship between leakage and the presence of voids within filling/luting materials or gaps on their interfacial surfaces derives from studies in which endodontic, restorative, and prosthetic materials and techniques were tested. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In these studies, different methods were employed for the measurement of voids/gaps and leakage; invariably, however, the presence of voids/gaps was measured on 2D images. Some of these studies revealed a positive relationship or correlation between the presence of voids/gaps and leakage. [21] [22] [23] [24] [25] [26] 29, 32 One study revealed a general tendency for increased microleakage in root canals with filling defects, but the authors reported that not all teeth with filling defects leaked. 19 Similarly, other researchers have observed similar degrees of leakage in fillings/cements with more gaps and those with fewer gaps; in other words, the two parameters were not correlated. 24, 25, 28, [30] [31] [32] [33] [34] [35] The authors of one study concluded that microleakage was possible even in the absence of a detectable void or gap, and suggested that porosities within the filling material might be responsible. 15 Results of another study pointed to the phenomenon of nanoleakage, which occurs within the nanospace of the hybrid layer, and showed that nanoleakage could take place at gap-free restoration/cavity interfaces. 27 The favorable finding regarding the void/gap volume in GC FujiCEM specimens can be explained by the hygroscopic expansion effect. This effect involves the expansion of the material as a result of absorption of water during or after setting, and is a means to compensate for shrinkage. In a previous study, fiber posts cemented with GC FujiCEM were found to have increased push-out resistance as a result of hygroscopic expansion occurring during storage in water for 1 week; no such effect was seen for resin cements. 36 The expansion of the cement increases frictional forces, but probably does not lead to the establishment of new chemical bonds with the dentin. Thus, mere expansion of the cement may not be sufficient to prevent leakage, as found in this study. In another fiber post cementation study, an experimental resin-modified glass ionomer cement (GC Corporation) showed more leakage than did resin cements, 37 similar to the results of this study. In contrast, a recent study showed less microleakage in GC FujiCEM specimens than in those treated with a self-adhesive resin cement and an etch-and-rinse resin cement in evaluations conducted immediately and after thermomechanical aging. 38 These discrepancies among study findings may be due to methodological differences, including storage conditions after cementation or variations in chemical composition.
In the few studies in which Bifix SE has been evaluated, this cement showed strong dentinal adhesion. 39, 40 In another e226 study, the Bifix SE group contained the fewest specimens with perfect margins after the cementation of indirect restorations. 41 However, with a dye penetration depth of approximately 15% of the proximal box, the Bifix SE group was similar to the other self-adhesive resin cement groups in terms of microleakage. 41 Thus, previous studies and the current findings indicate that Bifix SE shows favorable adhesion to dentin with relatively little microleakage, although it may have a relatively large volume of voids and gaps. In this study, Bifix SE was the only cement placed into the post space with a special delivery tip. Although this mode of delivery is expected to prevent voids/gaps, this was not the case.
In previous studies, the amount of microleakage exhibited by Panavia F2.0 specimens was similar to that of specimens treated with a resin-modified glass ionomer cement and greater than that of specimens prepared with a self-adhesive resin cement. 24, 28 This study yielded similar results; however, the previous studies showed no significant correlation between marginal gaps and microleakage in Panavia specimens. 24, 28 The lack of correlation between the volume of voids/gaps and microleakage may be related to the discontinuity of voids/gaps along the filling material; despite comprising a large volume, voids/gaps may be isolated within the body of the material, which may not lead to leakage. Similarly, the location of voids within the filling material may also affect leakage. One study showed that the distribution of voids was not uniform along the luting cement, with a greater volume of voids at the coronal level of the post space, regardless of post shape.
14 On the other hand, another leakage pathway, such as nanoleakage, may explain the greater amount of leakage observed in specimens seemingly containing smaller volumes of voids/gaps.
Conclusions
In this study, the following conclusions were drawn:
1. Obturated root canals restored with fiber posts using different types of luting cement exhibited varying degrees of microleakage and void/gap volumes. 2. A significant correlation between the volume of voids/gaps and microleakage was found only in the Panavia F2.0 group. 3. No correlation was found in an analysis of all groups combined.
